The ultrastructure of lichens and leakage of electrolytes from them were studied to assess the effects of ozone on four epiphytes. Bryoria capillaris (Ach.) Brodo & Hawksw., Bryoria fuscescens (Gyelnik) Brodo & Hawksw., Hypogymnia physodes (L.) Nyl. and Usnea hirta (L.) Wigg. were fumigated with control ( 10), 40, 150 and 300 ppb ozone in controlled growth chambers for 2 and 4 week periods. The ultrastructural results suggest a direct effect of O $ on carbon assimilation and storage in these lichens. Both the high concentrations of ozone (150 ppb and 300 ppb) and longer exposure time significantly increased starch volume and electron opacity of the pyrenoid matrix in chloroplasts of U. hirta and B. capillaris. Furthermore, in U. hirta, cytoplasmic lipid droplets and the number of pyrenoglobuli in pyrenoids were significantly increased at higher ozone concentrations. B. fuscescens showed little response to ozone at the ultrastructural level. In both Bryoria species the potassium leakage, and in B. fuscescens the conductivity of leachate, decreased during 4 weeks fumigation with high concentrations (150 and 300 ppb) of ozone. In most lichens, the total concentration of K + was either unchanged or increased at 150 ppb O $ , suggesting that no leaching due to membrane damage occurred, but K + uptake by the lichens tended to increase at the concentrations of O $ used.
INTRODUCTION
Tropospheric ozone is known to be highly phytotoxic and capable of adversely affecting plant growth and productivity (Runeckles and Chevone, 1992) . Ozone fumigation studies with lichens have indicated different sensitivities between lichen species. Short-term fumigations ranging from 30 min up to 1 week with high ozone concentrations (200 to 1600 ppb O $ ) had essentially no effect on the chlorophyll content of the terricolous lichen Cladonia arbuscula (Rosentreter and Ahmadjian, 1977) or (4000 and 12 000 ppb O $ ) on the photosynthetic capacity of Cladonia rangiformis (Brown and Smirnoff, 1978) . In many epiphytic lichens, ozone and other photochemical oxidants (e.g. peroxyacetyl nitrate) reduced gross photosynthesis (Nash and Sigal, 1979 ; Ross and Nash, 1983 ; Sigal, 1984, 1987) . Nash and Sigal (1979) found a significant reduction in the rate of photosynthesis after only 3 h fumigation at 500 ppb ozone in Parmelia sulcata, and Eversman and Sigal (1987) demonstrated a similar decline after 12 h fumigation at 30 ppb ozone in Fla oparmelia caperata and Umbilicaria mammulata. Scheidegger and Schroeter (1995) reported a reduction in PSII activity and net photosynthesis in several epiphytic lichens (Anaptychia ciliaris, Collema nigrescens, E ernia prunastri, Hypogymnia bitteri and Lobaria pulmonaria) † For correspondence. Fax j358 17 163230, e-mail Sari. Tarhanen!uku.fi during field exposure (80 d) with 90 ppb ozone. In addition, ultrastructural observations using low-temperature scanning electron microscopy revealed an increase in the percentage of collapsed algal cells in fumigated samples. In a transmission electron microscopical study of the lichen F. caperata, Eversman and Sigal (1987) found that 30 ppb ozone induced an increase in the amount of lipids in the cytoplasm and starch in the chloroplasts of the algal cells.
Ozone toxicity has been attributed to harmful effects on membrane components, which result in increased membrane permeability (Runeckles and Chevone, 1992) . Beckerson and Hofstra (1980) found that exposure to 150 ppb ozone caused significant increases in solute leakage from soybean and white bean, measured by electrical conductivity. We are unaware of published experimental observations on membrane responses of lichens to an oxidative stress such as ozone. Other pollutants such as SO # and heavy metals have been shown to induce changes in membrane permeability in lichens and increase electrolyte leakage (Puckett, 1976 ; Tomassini et al., 1977) .
Ozone levels over northern Europe are usually close to the background tropospheric values at around 30-40 ppb but episodes with 60-100 ppb often occur in spring and early summer (Laurila and La$ ttila$ , 1994) . Most of the responses of lichens to ozone have been reported for species which commonly occur in temperate latitudes. Since ambient levels of ozone are also known to cause harmful effects on 0305-7364\97\110613j11 $25.00\0 bo970480 # 1997 Annals of Botany Company forest trees and crops in northern Europe (Ska$ rby et al., 1994) , it is important to extend investigations to include boreal lichen species. The aim of this study was to assess the membrane permeability responses of four epiphytic lichens, common in boreal forest ecosystems, to elevated ozone levels and to examine the effects of ozone on the ultrastructure of three fruticose species. The ultrastructural study focused on fruticose species because they have been reported to be the most sensitive lichen species along the ozone gradients in the field (Sigal and Nash, 1983) . Besides the O $ levels of 40 and 150 ppb that could conceivably occur due to air pollution, a rather high O $ concentration of 300 ppb was used in this study in order to test extreme responses in the lichens.
MATERIALS AND METHODS
Epiphytic lichens Bryoria capillaris, Bryoria fuscescens, Hypogymnia physodes and Usnea hirta were collected from a forest area in central Finland in early February 1993. The monthly mean ozone concentration is approx. 20 ppb in this area in February (Laurila and La$ ttila$ , 1994) . Norway spruce branches (Picea abies (L.) Karst.) with H. physodes and B. capillaris were collected from the edge of a glade in the forest and trunks of dead spruces with B. fuscescens and U. hirta were collected from a mire. The branches and about 1 m long spruce trunks (diameter 10 cm) were placed in growth chambers for a 3-d acclimatization period before the experiment began.
Ozone fumigation was conducted between 8 Feb. and 5 Mar. 1993 in controlled growth chambers. The chamber cabinets and fumigation system were described in detail by Holopainen and Ka$ renlampi (1984) . Day and night temperatures were maintained at 11 and 7 mC, respectively, and relative humidity was 71-92 %. The light and dark cycle was 18 and 6 h with maximum daytime illumination of the growth chambers approx. 300 µmol m − # s − ". The lichens were exposed to different ozone treatment concentrations (control 10 ppb, 40 ppb, 150 ppb and 300 ppb) for 7 h d − " on 5 weekdays for 4 weeks (Table 1) . During the rest of time the ozone concentrations within the chambers were at control levels ( 10 ppb). Ozone was produced from pure oxygen with an O $ generator Fischer 500 (Fischer Laborund Verfahrenstechnik, Bonn, Germany) and continuously monitored by an ozone analyser Dasibi 1008-RS (Dasibi Environmental Corp., Glendale, California, USA). In order to avoid potential nutrient deficiency during the experiment the lichens were sprayed every weekday morning before starting the daily fumigation period with simulated rain water (2n2 mg Ca, 0n2 mg K, 0n33 mg Na, 0n05 mg Mg, 0n5 mg NH % , 1n0 mg NO $ , 1n9 mg SO % per l distilled water, pH 5n5) (Leinonen, 1989) instead of deionized water.
The experiment was divided into 2 week and 4 week treatments (Table 1) . Material was collected for transmission electron microscopy (TEM) and for analysis of ion conductivity and potassium (K + ) concentrations of the diffusates after 2 and 4 weeks.
Light and electron microscopy
At the end of the fumigation periods, 1-2 mm sections were cut from the younger part of thalli with a razor blade, fixed in 2n5 % glutaraldehyde (Electron Microscope Sciences, FT, Washington, PA, USA) in 0n05  phosphate buffer (pH 7n0) for 20 h (at 4 mC), then washed with the buffer and postfixed in 1 % buffered OsO % solution for 25 min (at 60 mC). Samples were dehydrated in ethanol (at 4 mC), embedded in Ladd's LX-112 resin (at 20 mC), and polymerized first for 24 h at 37 mC and then for 72 h at 60 mC. Five randomly chosen semi-thin longitudinal sections (thickness 0n5 µm) from different thalli per treatment were cut with an Ultracut E (Reichert-Jung AG, Wien, Austria) onto microscope slides, stained with toluidine blue and examined with a NIKON Microphot-FXA light microscope (Nikon, Tokyo, Japan). Ultrathin sections were cut from the same specimens, stained with uranyl acetate and lead citrate and examined with a JEM 1200 EX electron microscope (JEOL, Tokyo, Japan) operating at 80 kV.
The five randomly selected semi-thin longitudinal sections from different thalli per treatment were examined with a light microscope (LM) to establish the overall condition of lichen thalli. The percentage of divided, plasmolysed and dead cells were determined from the total amounts of algal cells per section. Late stage autosporangia (Friedl, 1993) were regarded as dividing cells. Strongly plasmolysed, empty and collapsed cells were regarded as dead cells. Cells with the protoplasm slightly withdrawn from the cell wall were included within the plasmolysed cell class.
Three to six algal cells with the section passing through the apparent centre of the pyrenoid were selected from each five thalli for quantitative and qualitative analysis. Quantitative analysis of the relative volume densities occupied by different cell components within an algal cell was made from micrographs using the point intercept method (Gundersen and Jensen, 1983) . A 10i15 grid with a random point within a grid cell was placed on the electron micrograph and numbers of points hitting the target were counted. The cross-section size of the algal cell was estimated by multiplying the square area of grid cell (10 µmi12 µm) by the counted points. The relative volume of cell components was calculated with reference to following compartment volumes : (1) chloroplast, which included thylakoids, pyrenoid and starch grains ; (2) protoplasm, which included ground cytoplasm, lipid bodies, mitochondria, nucleus, vacuoles and electron-opaque accumulations in vacuoles (Holopainen, 1984) ; and (3) total cell to which the volume of cell wall and periplasmic space were referred.
Conducti ity and K + efflux
To stabilize leakage of electrolytes, lichens were placed in a humidity chamber for at least 2 h before the test (Pearson, 1985) . Approximately 10p1 mg of lichen thalli were placed in test tubes with 5 ml deionized water (conductivity 0n5 to 1n0 µS cm − ") and immersed for 2 h at 20 mC. The conductivity of leachate solutions was measured with a Philips PW 9505\20 (N. V. Philips, England) conductivity meter using a Philips PW 9513 (N. V. Philips, England) glass platinum electrode. The leachate solution was reserved for potassium (K + ) analysis with a Perkin-Elmer Model 372 atomic absorption spectrophotometer (Norwalk, Connecticut, USA) in an air\acetylene flame. The test tube containing the thalli was refilled with 5 ml deionized water and autoclaved at 80 mC for 1 h to destroy cell membranes (Tarhanen et al., 1996) . After 24 h the leachate solutions were measured. Relative leakage was expressed as the ratio of 2 h leakage to the total leakage : C # h \(C # h jC autoclaving ). Total K + concentration was calculated from the sum of leakage after 2 h and leakage after autoclaving.
Statistical analyses
Analysis of variance (ANOVA, ONEWAY, SPSS\PCj, Chicago, Ill.) and Tukey's multiple range test were used to evaluate differences in ultrastructural components and membrane function of the lichens between the different ozone treatments and exposure time. Prior to statistical analysis, the normality of distribution of each parameter was examined within lichen species. Percentage conductivity values of the all lichen species and K + leakage values of U. hirta and number of pyrenoglobuli per pyrenoid area ( µm#) were log-transformed to normalize their distributions. In the ultrastructural observations, thallus-specific means were used in the analysis.
RESULTS

Anatomy and ultrastructure
The thalli of B. capillaris and B. fuscescens have a very similar cylindrical form (Figs 1 and 2) . Their cortex layer, formed by fungal cells, consists of long-celled hyphae arranged in parallel and conglutinated by extracellular matrix. The outer layer of cortex in B. fuscescens was darkened by pigment deposition (Fig. 2) . In the cortex of thalli of U. hirta, the fungal cells had a more loosely arranged pattern than in Bryoria spp. (Fig. 3) . The extracellular matrix of cortex layer was gelatinous with a high number of cavities, possibly reflecting the presence of crystallized secondary metabolites (Honegger, 1996) , which were more distinctive in TEM sections (Fig. 4) . LM did not reveal any significant changes in the number of dividing or dead algal cells of these lichens after different ozone treatments.
In Bryoria and Usnea the photobiont is a unicellular green alga (Trebouxia or Pseudotrebouxia) (Figs 5-7) . The mean size of algal cells in B. fuscescens and B. capillaris ranged between 55 and 91 µm#. In U. hirta, the cell size was smaller (36-69 µm#). The algal cell wall volume was rather similar (23-38 %) in all three lichens. In the control lichens, algal chloroplast shape was lobate indicating the predominance of mature algal cells in the thalli (Galun et al., 1970 ; Peveling, 1974) . Mitochondria and nuclei appeared normal and intact after both 2 and 4 weeks control fumigations. The relative starch volume in the chloroplasts was lowest at 4 weeks control treatment in all the lichen species, but the difference from 2 weeks exposure was not statistically significant. The cytoplasmic lipid volume and the mean number of pyrenoglobuli per pyrenoid area were similar after both 2 and 4 week periods in the control samples.
In ozone fumigated lichens, the algal cells were well preserved. No significant changes were found in the chloroplast shape, thylakoid membrane structure, nucleus or mitochondria of the algal cells. Increased electron opacity of the central pyrenoid matrix (Figs 8-10 ) was, however, seen more frequently in O $ -fumigated (40, 150 and 300 ppb) than control samples of U. hirta and B. capillaris.
Although the starch volume in the chloroplasts of U. hirta was lower in the 2 week O $ exposures at 40 ppb ( Fig. 8 ) and 150 ppb (Table 2 ) than in controls, starch had significantly increased at 150 ppb O $ after 4 weeks fumigation. The 2 and 4 week ozone exposures at 300 ppb clearly increased starch accumulation in the chloroplasts (Figs 11 and 12 ). In the analysis of variance, O $ concentration significantly increased the starch volume in U. hirta and B. capillaris (P 0n001 and P 0n01, respectively) ( Fig. 13 ; Table 2 ). The interaction between treatment concentration and exposure time revealed that the starch volume increased at 150 ppb O $ in U. hirta (P 0n01) and 300 ppb O $ in B. capillaris (P 0n01) ( Table 2) . Although starch, independent of treatment, was present in the majority of the algal cells in B. fuscescens (Fig. 5) , its accumulation within the chloroplast was not greatly increased by ozone (Table 2) in this species.
The mean size distribution of pyrenoglobuli in U. hirta did not change, but their number significantly increased at 150 ppb and 300 ppb O $ after only 2 weeks fumigation ( Table 2 ). The number of pyrenoglobuli was still high at elevated concentrations after 4 weeks fumigation, though the changes between different treatments were not statistically significant by Tukey's test. No changes were observed in the amounts of pyrenoglobuli in ozone fumigated B. capillaris, whereas, in B. fuscescens, the number of pyrenoglobuli decreased significantly (P 0n01) at ozone concentrations of 150 and 300 ppb (Table 2) . Poorly contrasted pyrenoglobuli were observed in most of the algal cells of U. hirta (Figs 12 and 13) and some of the algal cells of B. capillaris (Fig. 14) after 4 weeks fumigation with 300 ppb O $ . In fumigated lichens, the relative cytoplasmic lipid volume in the algal cells was highly variable. Although both the ozone concentration (P 0n001) and the exposure time (P 0n05) significantly increased the lipid volume in the photobiont of U. hirta (Fig. 10) , their interaction revealed that the increasing effect of time was evident only at 150 ppb O $ (ANOVA, P 0n01, Table 2 ). In Bryoria spp. no significant changes in the lipid volumes were observed between control and ozone treatments. The longer exposure time appeared to increase vacuolization of the cytoplasm of algal cells both in the control group and in the samples of B. capillaris treated with 40 ppb ozone ( Table 2 ). In B. fuscescens a similar phenomenon was found in samples treated with higher ozone concentrations. In U. hirta the relative vacuole volume increased after 2 weeks fumigation at 150 ppb. Furthermore, electron-opaque accumulations (Figs 5 and 8) in the vacuoles were occasionally observed in all the lichen species studied and the presence of vacuoles F. 5-7. Algal cells of Bryoria capillaris (Fig. 5) , Bryoria fuscescens (Fig. 6 ) after 4 weeks control treatment (bars l 1n25 µm) and Usnea hirta ( and electron-opaque accumulations was not obviously related to ozone treatment. Slightly plasmolysed algal cells were observed both in control and ozone treated lichens. The plasmalemma was often withdrawn from the cell wall near cytoplasmic vacuoles resulting in cell plasmolysis (Figs 9 and 10) . Nevertheless, the degree of plasmolysis in the algal cells did not differ significantly between the control and ozone treatments.
No distinct changes were noted in fungal ultrastructure between ozone treatments. Mitochondria, nuclei, vacuoles, concentric bodies and lipid droplets were observed in the cytoplasm of fungal cells, together with occasional glycogen granules.
Conducti ity and potassium leakage
Both concentration and duration of exposure significantly (P 0n001) decreased the conductivity of leachates from B. fuscescens ( Fig. 15 A and B) . Their interaction revealed that the reduced effect of time on conductivity values was significant in control treatments only (P 0n05 Values in each vertical column followed by the same letter do not differ significantly at P 0n05 by Tukey's multiple range test. Thallus specific means were used in the analysis (n l 2-5).
responses of the other species. Generally the exposure time decreased the conductivity of leachates (Fig. 15 A and B) . No treatment related changes were noted in the conductivity (Fig. 15 C) . After 4 weeks fumigation the reduced value of K + leakage in U. hirta was again noted at 150 ppb and moreover at 40 ppb O $ (Fig. 15 D) . The K + leakage of B. capillaris (P 0n001) and of B. fuscescens (Fig. 15 D) decreased with increasing ozone concentration after 4 weeks fumigation. In H. physodes, no changes between treatments were observed during 4 weeks fumigation.
The total concentration of K was significantly increased in B. fuscescens and U. hirta and slightly increased in H. physodes during 4 weeks fumigation with 150 ppb O $ ( Table  3 ). The total concentration of K was significantly decreased by elevated O $ concentrations in B. capillaris, but the total K was still either higher or at similar level to the other lichen species (Table 3) .
DISCUSSION
Ozone effects on these lichens were most evident in the chloroplast ultrastructure of the photobionts. Species specific differences in the responses were also observed. U. hirta was the most sensitive to ozone, showing ultrastructural changes after only 2 weeks of fumigation though the increased density of the pyrenoid matrix was also seen at 40 ppb in B. capillaris. Ozone fumigation caused few observable responses in B. fuscescens compared with B. capillaris although these lichens belong to the same genus and both of them have similar thallus anatomy. Eversman and Sigal (1987) found that both starch in the chloroplasts and lipids in the cytoplasm significantly increased in the photobiont of Fla oparmelia caperata treated with a slightly elevated ozone concentration for 12 and 20 h (over 3 and 5 d). Our observations with U. hirta and B. capillaris corroborate the results of these authors. The significant increase in starch grains in these species was found at an elevated ozone level (300 ppb) and with longer exposure time. The number of cytoplasmic lipid droplets in the algal cells showed relatively large fluctuations during the fumigation and was significantly enhanced by ozone only in U. hirta. In vascular plants, both increases (Gu$ nthardt- Goerg et al., 1993 ; Wellburn and Wellburn, 1994) and decreases (Sutinen et al., 1990 ; Ojanpera$ et al., 1992 ; Pa$ a$ kko$ nen et al., 1995 ; Holopainen et al., 1996) T  3. The total K + concentration ( µmol g − ") (meanps.d.) of the ozone exposed lichen species after 4 weeks fumigation
Values in each lines followed by the same superscript do not differ significantly at P 0n05 by Tukey's multiple range test. n l 15 ; * n l 10.
the duration of exposure, have been reported. Simultaneously increased accumulation of starch and increased growth of vascular plants have been interpreted either as a transient stimulation of photosynthetic rate or as impaired translocation of carbon (Wellburn and Wellburn, 1994) . These explanations may be equally valid in lichens. However, the potential stimulative effect of ozone on the growth of lichens is difficult to predict in this study. Previous observations from field-collected B. capillaris and H. physodes (Holopainen, 1982) revealed that starch is only occasionally present in the photobiont of Trebouxia. In some earlier chamber studies (e.g. Holopainen and Ka$ renlampi, 1984 ; Eversman and Sigal, 1987 ; Balaguer et al., 1996) , it was observed that keeping lichens in growth chambers caused a slight increase in the amount of starch in the photobiont. Therefore, the relatively large amount in starch grains observed in some controls in the present study may be due to responses of lichens to experimental conditions, e.g. light regime, temperature and moisture Brown, Ascaso and Rapsch, 1988) .
Ozone-induced reduction in photosynthesis has been well documented in many plant species (Pell, Eckardt and Glick, 1994) , including lichens (Nash and Sigal, 1979 ; Ross and Nash, 1983 ; Eversman and Sigal, 1987 ; Scheidegger and Schroeter, 1995) . Depressed photosynthetic rates concurrent with degradation of the chloroplast (Eversman and Sigal, 1987) , indicate potential disruption of the chloroplast function of the photobionts. In higher plants, the ozoneinduced reduction in photosynthesis is often associated with a decline in the activity and quantity of the carboxylating enzyme, ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco), but not with early changes in light harvesting or in the thylakoid protein composition (Pell et al., 1994) . Balaguer et al. (1996) have documented similar losses of Rubisco in ozone fumigated Parmelia sulcata. Chloroplasts with electron-opaque stroma typify ozone-induced ultrastructural injury in several vascular plant species (Sutinen et al., 1990 ; Ojanpera$ et al., 1992 ; Pa$ a$ kko$ nen et al., 1995 ; Holopainen et al., 1996) . Increased electron-opacity of the pyrenoid matrix in the algal cells of ozone-treated lichens in this study may be associated with enzyme structure and activity of Rubisco (Pell et al., 1994 ; Balaguer et al., 1996) and directly or indirectly with the CO # fixation process of lichens. There is some evidence for the presence of a CO # -concentrating mechanism (CCM) in the Trebouxia photobionts of lichens (Palmqvist, Samuelsson and Badger, 1994) . This mechanism, which is present in many free-living algae and cyanobacteria, functions to accumulate an internal pool of dissolved inorganic carbon that is used to elevate the CO # concentration around the active site of Rubisco within the pyrenoid of green algae (Badger et al., 1993 ; Palmqvist et al., 1994) .
Increased numbers of pyrenoglobuli are often associated with lichens in a state of hydration (Fisher and Lang, 1971 b) . In vascular plants, increased numbers of plastoglobuli associated with the decline of thylakoid membranes have been attributed to the ageing process and nutrient deficiencies (Holopainen et al., 1992) . In this study, the number of pyrenoglobuli in the different lichen species showed the opposite response to ozone. Two week exposure with 300 ppb ozone increased the number of pyrenoglobuli in U. hirta, whereas in B. fuscescens it was clearly decreased. Poorly contrasted pyrenoglobuli in the pyrenoids of some algal cells in U. hirta and B. capillaris found after 4 weeks fumigation with 300 ppb ozone may reflect changes in lipid composition (Miyake et al., 1989 ; Sakaki, Tanaka and Yamada, 1994) . The observed lag in response of pyrenoglobuli may be explained by considering their possible function as late-stage reserves of carbon in algae. The assimilation of carbon in pyrenoglobuli is a relatively slow process, taking several days or up to a month (Hessler and Peveling, 1978) .
Although the degree to which ozone is able to penetrate into the interior tissues of a thallus is unknown, the occurrence of differential sensitivity among photobionts may be related to differences in penetration between lichen species. The thallus lacks stomata, which are important in controlling of uptake of gases in vascular plants (Runeckles and Chevone, 1992) . In the fungal cortex, the respiratory pores, soralia and places left by the erosion of isidia (Jahns, 1988 ) may facilitate O $ diffusion. The thin cortex layer, with its porous structure and cavities, and the scattered distribution of photobionts in U. hirta may enhance gaseous uptake by this lichen species also making it more vulnerable to ozone than the other species examined. Ozone is also a highly reactive gas (Laisk, Kull and Moldau, 1989) which may lead to free radical formation and an increase in the oxidative potential throughout the cells (Pell et al., 1994) . In some lichen species ozone degradation may occur before or during its penetration into the thallus. The lichen mycobionts synthesize antioxidants such as aromatic polyketides, particularly the depsides and depsidones, which probably contribute to the defence of these organisms (Hidalgo et al., 1994) . In addition, the melanized cell walls of the mycobiont possibly act as effective radical scavengers and protect the cytoplasm from the damaging effects of free radicals (Margalith, 1992) . The dark pigment of outer cortex characteristic of B. fuscescens (Greenhalgh and Whitfield, 1987) may therefore provide efficient defence against ozone or its reaction products.
Oxidation of membrane lipids is thought to be one of the most important mechanisms of ozone injury, and the major sites of O $ damage may be membranes of cells and intracellular organelles (Mustafa, 1990) . The electrolyte leakage data indicate that ozone reduced rather than increased membrane permeability in these lichens, except in H. physodes, which showed increased relative leakage values at 300 ppb ozone. B. fuscescens, which exhibited relatively little change at an ultrastructural level compared to B. capillaris, showed a clear reduction in electrolyte and K + leakage during ozone exposure. The majority of the leached ions are likely to originate from the mycobiont, indicating more the response of fungus than alga, since the fungal partner dominates over the algal partner in mass (Lawrey, 1984) . Consequently, the potential ozone-induced membrane damage in the photobionts may be masked by the much higher total K in the fungus.
Although the relative value of water soluble cations decreased in the ozone fumigated lichens, the results of total concentration of K + did not reveal that the K + losses were due to leaching or cell damage. In contrast, the total K was increased at 150 ppb ozone in most lichens. Potassium is primarily present in the cytoplasm and only some K + ( 10 %) is bound to the functional exchange groups on the walls (Brown and Buck, 1985) . Therefore, the K response perhaps indicates increased K + uptake by the lichens at 150 ppb ozone. Increased nutrient concentrations, especially of K + have been documented in the fascicles of loblolly pine as a response to elevated O $ (Baker and Allen, 1996) . This is consistent with our findings with lichens. Since ozone may be detrimental to the integrity of cell membranes, increased concentration of K + is associated with an attempt to maintain homeostasis through increased osmotic activity (Baker and Allen, 1996) .
These lichens appear to be less sensitive to ozone than many higher plants. The O $ concentrations and cumulative doses used in this study were sufficient to cause severe injury in birch saplings (Pa$ a$ kko$ nen et al., 1995) and conifer seedlings under similar experimental conditions. Accumulated exposure over a threshold of 40 ppb (AOT 40) is considered a critical ozone dose that is adverse to plants (Ska$ rby et al., 1994) . The AOT 40 value for forest trees has provisionally been suggested as 10 ppm h (Ska$ rby et al., 1994) , which was clearly exceeded in this study (see Table 1 ). However, when prolonged, the ozoneinduced oxidative stress may injure the lichens and lead to decline of the most sensitive species (as found at the high oxidant sites, Sigal and Nash, 1983) .
Present results suggest that ozone supplied at realistic concentrations (e.g. 40 ppb) barely affects the ultrastructure and membrane permeability of these boreal lichen species. At higher ozone concentrations, however, ultrastructural changes in the algal cells of the lichens occurred, except in B. fuscescens. Thus, the ozone responses of lichen photobionts may be similar to responses of vascular plants. Nevertheless, at least some lichen species appear to tolerate higher concentrations of ozone than many vascular plants. In further studies characterization of the lichen defence system against oxidative stress will be necessary to gain a better understanding of photooxidative stress tolerance in lichens.
